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A HOLLOWCYLINDERAT MACH3.1

By PaulF. IMnichsndNormanSands

Experimentalresultsrelatingto theeffectoftipbluntnessand
shapeontransitionPOSitionarepresentedfora 1~-included-anglecone
anda hollowcylinderhavingitssxisal-tiedwiththeairstream.Iloth

.* favorableandadverseeffectsofbluntnesswerefomdj tiichdependedon
boththeshapeandsizeofbluntnessused. Thelargestroundbluntnesses
displacedtransitiondownstreamby a factorof3 onthecylindersnd1.3.
onthecone.Lsrgesharp-corneredfI-atbluntnessesdisplacedtransition
upstream.

A partofthetrsasitiondelaycausedbybluntnessisbelievedto
be relatedtotheunitReynoldsnumberreducticmandMachnmiberreduc-
tionh theshocklayerformedby thebluntedleadingedge.Thetransi-
tiondelaymaybe furtherinfluencedby suchfactorsaspressuregrad-
ientsoverthenosesection,whichwerefavorableforthecylinderand
unfavorableforthecone.

Belowa bluntnessReyaoldsmmiberof 20,~ to 50,0CX3,bothflatand
roundbluntnesseshadthesamedelayingactionon transition.Abovethese
Reynoldsnumbers,flatbluntnesshadadverseeffectsontransitionthat
werebelievedtobe causedby vortexsheddingfromthesharpcornerof
theflatbluntness.

body

mTFioDucT1oN

Thesizeandshapeofbluntnessattheleadingedgeof an aerodynamic
havean iqortanteffectonthePOSitionofthetmnsitionfromlam-
to turbulentflowat supersonicspeeds.Zn general,increasing

bluntnessdisplacesthetransitionpointdownstream(refs.1 to 7). Ref-
●

erence3 proposesanexplanationforthistransitiondelaybasedonthe
existenceof a lowReynoldsmmber layernearthesurfaceofthebody.
Thislayerresultsfromtheleading-edgeshocklossesassociatedwith

* bluntnessandprovidesa lowReynoldsmmiberenvironmentwithinwhichthe
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hMi.YMTboundary~er May~OW. Tt.Edistanceto transition,assudmga .
constanttransitionReynoldsnuniber,isthereforelargerwhentheleading
edgeisbluntedratherthansharp.

Wm.erousTerimentsconductedonbodieshavingtwo-dimensional
boundarylayersi.e.,flatplatesandcylinders) exhibittheproper
trendof increasingtransitiondistancewithticreasingbluntness.In
someoftheseexperimentstheexactvalueofthetransitiondelaypre-
dictedinreference3 wasreached,whereasinothersdehys greateror
lessthanthepredictedvalueswerefound.Sucha vsxiedbehaviorsug-
geststhatthemagnitudeofthetransitiondeby maybe influencedby
suchfactorsasthebluntnessshapeorthetestconfigurationused;pos-
sibly,factorsotherthantheReynoldsnuniberreductioninsidetheshock
layershouldbecmmideredinthetheory.-

Despitethetiportanceofthree-dimensionalbodiesforhigh-speed
missilesndaircraftapplications,relativelylittleresearchhasbeen
doneontheeffectsofbluntnesson suchbodies.Theavaflableresults

—

(refs.4 and6)coveratmostoneortwobluntnesssizes,andh general
thetransitiondelaysreportedaresmallcarpredwiththosefoundon
thecylinderinreference1. An exceptionisreference4,wheretran- e

sitiondelayswerefoundto approachthetheoretic~v~ue duetobl~ttig
whenthemodeltemperaturewasreducedbelowtheadiabaticwall
temperature.

*

Theprimaryobjectivesofthisinvestigationwere,therefore,to
studythewsybluntnesssizeandshapeaffecttransitionona conical
bodyat equilibriumtemperature,sadto extenda previouscylinder
bluntnessinvestigationby consideringtheeffectsofbluntnessshape
andlargerbluntnesssizes.

.

APPARmusANDPROCEDURE

ModelandInstrumentation

A sketchofthe30-inch,10°-inc’luded-angleconeusedinthisin-
vestigationisshowninfigure1. Theconesurfacewasrolled,welded,
andspunof0.032-inchInconelandpolishedto a surfacefinishofabout
8 microinchesrms. Conetipsmadeoftemperedtoolsteelmachinedfrom
solidstockwerefittedtotheconebodytitha maximumsurfaceirregu-
larityof43.0005inch.

Figure2 showsthevarietyofconetipbluntnessesandshapestested.
Bluntnessvariedfroma minimumof 0.001inchto 0.530inch,thelatter
beingattainedby removingthetipandpl~g~g theholeintheendof.
themodel.Changingthetipsofthemodelgenerallyinvolvesa change
ofthedistancefromtheleadingedgeto somefixedreferencepointon

h-.

theconemodel.Inpresentingthedata,distanceswerereckonedfrom
theleadingedgesoftherespectivetiPs.- ●
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Thermocoupleandpressureinstrmnentationbegan0.88inchfromthe
junctureofthetipandthemodelproper.Fifty-onecopper-constantan
thermocou@eswerearrangedalongthebottomgeneratorofthemodelat
1/2-inchintervals,md 13 static-pressureor~icesslongthetopat 2-
inchintervals. Thermocouplesweremadeof 0.010-inch-dismeterthermo-
couplewiretwistedtogetherandsoft-solderedtitoholesinthebconel
skin. Thewireendsandsolderwerefinishedoffflush.

Thecylindermodelisthesamemodeldescribedandtestedinrefer-
ence1,exceptfortheleadtigedges.Thesesresketchedinfigure3,
withbluntnessesvarytigfrom0.0002to 0.250inch.Bothround(Sf311i-
circularcrosssection)andflatbluntnesswereusedfor b from 0.016
to 0.250tich,andflatbluntnessforsmallerb. Stainless-steel-
constantanthemnocoupleswerespacedalongthebottomgeneratorofthe
modelatl/2-inchintervals.

Surfacetemperaturesontheconeandcylinderwereobtainedby mas-
urimgtheoutputofthethermocouplesona self-balancingpotentiometer
havinga fuU-scaledeflectionof 2 millivolts.Millivoltoutputswere
readautomaticallywitha digitalpotentiometerandrecordedonpunch
tape. Cylinderresultsme believedtobe inerrorby lessthan&O.& F.
Theconeresults~ havea erroras largeasH .OOF. Modelandtunnel
wdl staticpressuresweremeasuredonbutylphthalateUferentialmanom-
etersto an accuracyof+0.002poundpersquareinch. Stagnationpres-
sureswereaccurateto43.05poundpersq-e inch.

WindTunnelsndTestProcedure

ThemodelsweretestedintheNAC!ALewis1-by l-footvariableReyn-
oldsnumberwindtunnelatMach3.1,whichisthessmetestfacilityused
inreferences1, 4,and8. Test-sectionturbulenttitensitiesforthe
presenttestsshouldbe vezynesrl.yequalto thoseofreferences1, 4,
and8 sndhencemaketheresultsdirectlycomparable.Thetestswere
conductedata stagnationtemperatureof 7-+.2°F andinthestagnation-
pressurerangeof 7 to 50poundspersqmre inchabsolute,givinga unit
Reynoldsnumberrangeof1=05 to 6.7X10Sperinch.

Transitionpositionswereobtainedfromthelocationofthepeaktem-
peraturebetweenthelsminarandturlmlentregions.Theselocationscould
be verifiedby instantaneousschlierenphotographstithtia rangeof&l
inch.Betweenfiveandtenschlierenphotographswereusedineach
camparlson.
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Recovery-FactorandPressureDistributionsonCone

Ofalltheconetipsshowninfigure2,theflat(A)andround(C)
bluntnessesrepresenttwoextremesinsofarastheireffectontransition E
iscaacerned.Hence,thedetailedrecoveryfactorandpressuredistribu- dl

tionswillbe givenforthesetipgeometriesonly.All-temperaturedis-
tributionsustigotherconetipsmaybe assumedto fallsomewherebetween“-
thesetwo;or,ifanyrelevantdifferences--=ist,thesewillbementioned
specifically.

Recovery-factordistributionq’,basedon inviscidsharp-conesur-
faceconditions(Ms= 3.0],isplottedaga.xstx infigures4(a)~d (b)
fortheflatmd roundbluntnesses,respectively,fora typic~unitRe~- ..
oldsnumberUJvm of 3.5XL05perinch.Forconvenience,thedistsnce
to transitionwasmeasuredparalleltothecme centerlineratherthan

.—

alongthemodelsWcface;thisintroducesa“~lightbutnegligibleerror
..——

inthedistancetotransition.Temperature:peaklocationsbetweenthe
lsminarandturbulentregionscloselyapproximatethemeantransition
locationobtafiedfromschlierenphotographs(indicatedby downward-

~

pointingarrowsinfig.4). Sincethetemperaturedistributionswere
quitepreciseandmoreconvenienttoworkQth, theywereusedto deter-
minethetransitionposition.

#
Thedistanceto transitionwasmeasured

fromtheactuslbluntedtiptothetemperat~epeak.

Variationsh coneblumtnessfrom0.001to 0.006inchproducedno
variationinthedistsaceto transitionnorinthetemperaturedistri-
bution. Increasesinflatbluntnessto 0.063and0.125inchresultedin
respectivedowmstresmdisplacementsoft&”transitionpointto x = 11.5
sad14 inchesconqmredwithan initialvaluefor x of10.3inches.A
furtherincreaseinflatblimtnessto 0.250inchdisplacedtransition
upstresmto x = 8 inches,thisupstreamtrendcontinuingwithincreas-
ingbluntness.

—
—

Figure4(b]showsthatincreastigt~.ro~db.l@nessto 00250fich
displacedtransitionfromitsoriginslposjtignat x =.1O.3inchesto .1 1._
x= 12.5iJICh.eSoTransitionthenremainedapproximatelyfixedasthe
bluntnesswasincreasedto themaximumtestedvalueof0.530inch.Such

—

increasesintrsmsiticmdistanceareslightcomparedwiththosereported
forthecylinderinreference1 orthetheoreticalpredictionsofrefer-
ence3. Theslightsuperiorityofthe0.125-inchflatoverthe0.125-—.
~ch roundtipmaybe duetothegreaterthicknessoftheshockleyer
producedby theflatbluntness.Inthediscussicmoffigure4 thesharp-
conetips(b= 0.001and0.~6 in.)arecomparedwithflatsndround
bluntnessinterchangeably.Thisis justifiedbecauseofthetisignifi-
canteffectofbluntnessshapewhenthebluntnessis smaU. 6—

b
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● Figure4 alsorevealsincreasesinthelaminarrecoveryfactoras
theleadtig-edgebluntnessisincreased.Theseapparentincreaseswere
causedby theMachnumberreductioninsidetheshocklayerandwerealso
observedinreference1,wherebluntnesseffectsona hollowQylinder
wereinvestigated.Theseincreasesinrecoveryfactorwithincreasing
bluntnessarea directresultofusingtheinviscidsharp-conesurface
Machnuniber~ ratherthsmtheappropriateshock-layerMachnumber~
attheboundary-lsyerouteredgeforcomputingtherecwery factor. The
free-stresmrecwe~ factorq‘ isgivenby thefol.lowingequationwhen
theouter-edgeMachnumber~, thestreamMachnumiberMS,andthetrue
recoveryfactorq arelalown:

Thisequationmaybe derivedfromthedefinitionsfor q and q‘ given
h appendixA by equattigthewalltemperature~.

Themaximumvalue of q‘ willbe reachedwhen ~ isa minimum;
thatis,whentheentireboundarylayeriswithinthelowestMachnumber
regionoftheshocklsyer.Theminimumvalue of ~ isfoundfromfig-
ure1 ofreference3 to be about2.2 forthepresentconeat a flight
MachnumberI& of3.1. Usingtheseconditionstogetherwiththefact
thatthetruelaminsrrecoveryfactorforthesharpconeis0.845andthe
inviscidsurfaceMachnumberMS = 3.0,themaximum.lsminarrecovery
factor q‘ isfoundfrcmequation(1)tobe 0.881.Themaximummeasured
recoveryfactorforthe~r regionoffigures4(a)and(b)isabout
0.877.Thisisrathercloseagreementbetweeneq?erimentandtheory,
sincethetenq?eratureerrorinvolvedislessthan2°F. Theexistence
oftheshocklayerontheconeisthusestablishedas itwasintheblu?zt-
cylinderstudiesofreference1. Theincreaseinturbulentrecove~
factorforthelargestbluntnessh figure4(b)isevidencethatfor
thesebluntnessestheshocklayerextendsovertheturbulentpartofthe
bodyaswellasthelsminsr.

Forconvenience,eqyation(1)isplottedinfigure5 fora rangeof
streemMachnunibersfrom1 to 5. Alsoshownsrelimitinglineswhich
determinethemaximumrecove~factorattainablethroughouttheMachnum-
berrangebecauseof a shocklayeras analyzedinreference3 sadthe
minimumlineat q = 0.845whichwasobtainedwiththesharp-tippedcone.
Valuesbelowthismtnimummightbe obtainedinregionswheretheflowex-
pandsbelowthesmbientpressure,andvaluesabovethemaxtiumsrepos-
sibleiftheflowwerecompressedsufficientlyabovethesnibientpressure.
Figure5 mayalsobe usedto determinetheouter-edgeMch nuniber~

. tienthebluntnessislessthanenoughto immersetheentirel.sminar

.
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~ = 0.845.
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insidethelowestMachntier portionoftheshock.layer, 4
v’ isknown,theboundarylsyerisfullylsminar,and

Pressuredistributionsalongthetopofthemodelareshowntifig-

&
ures6(a)and b) fortheflatandroundbluntnesses,respectively,at
U&Jm = 3.5xloperinch.Thecurvesfairedthroughtheexperimental 8

..g.
poimts’forthevariousbluntnessesshowpressurev~iationsalongthe
surface,someofwhichsrecommonto alJthebluntnessesandothers

—

whicharepeculisrto each. Sincetheexperimentalpointsareall
plottedfromtheactualmodeltipratherthsmas a function.ofposition

—

inthetunnel,mostofthepressurevMiat&ns downstreamof x “ 8
tithesarecausedby thetunnelflow. Oneexceptionisthesmallpres-

—

sureriseforthelargestbluntnessesatthemostdownstreamlocation
wherethereflectedshockfromthebluntleadingedgehpinges.

Thepressurevariationsupstreamofabout8 tithes,however,are
duetothevariousdegreesofbluntnessused. Inthisregionthepres-
suregradientisdefinitelyadverseforthethreelargestbluntnesses.
Theprimaryeffectofbluntnemshapewasa steepeningofthepressure

.-

gradientnearthenosewhentheflatblwtnesswasused,comparedwith
*

thatobtainedwiththeroundbluntness.Thepressuredistributionsof
figure6 arequiteindependentofthestreamReynoldsnumber. a

EffectofUnitReynoldsNumberandBluntnesson

TransitionLocationonCone

Flatbluntness.- TheeffectofunitReymoldsnunibersadsizeof
flatbluntnessis illustratedinfigure7(a).Thedistsncetotrs.nsition
forthesharp-tip(O.001to O.CK16fi.) conesisindicatedby a solid
line,whichmaybe representedby a power-typerelationas inreference8: —

Xt = 4%500(%AS”66 (2)

or intemnsofthetransitim

Ret=

where xt isthedistanceto
oldsnumberperinch.

Re~oldsnumberRet:

46,5@ um/vm)O”~

transitionininchessnd ~v. theReyn-

The importantfeaturesof figure7(a)aretheincreasesindistance
totransitionusingsmellsharp-corneredflatbluntnessesandthegener-
allydecreaseddistancetotransitionforlargerbluntnesses,particu-
larlyat large uJvm. TheO.063-inchbluntnessisslightlybeneficial
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atall I,+,Jvm. TheO.125-inchtip,however,movedtransitionaheadof
thepositionforthesharptipat ~Vm >5.5XL05perinchanddown-
streamofthe0.063tippositimfor ~Vm < 5.25XL.05perinch.As the
bluntnessis increasedfurther,thessmetrendscanbe detecteduntil
fimallythe0.530tipisworsethanthesharptipforaU ~vm.

To determinetheeffectofthesharpcornerontheflatbluntedtips,
thecornerofthe0.375tipwasroundedto O.063-inchradiusas sketched
infigure2 (config.B]. Transitionwasthenfoundatthesme position
asforthesharptiporsomewhatdownstream.Theresultingpressuredis-
tributionwasthesaneasthiatobtainedwiththeflattip. Hence,it is
believedthattheadversebehaviorofthesharp-corneredflatbluntness
ascomparedwtththeslightlyroundedflatbluntnessisprimarilya
vortex-sheddingeffectassociatedwiththeshsrpcorner.

Roundbluntness.- Thedistancesto transitionforthevariousround
bluntnessessketchedinfigure2 (config.C) srecomparedinfigure7(b)
withthesharp-conetransitiondistanceas a functionoftheunitReyn-
oldsnumber.Allthehemispherical.tipsprovedtobe onlyslightly
superiorto thesharptipthroughouttheReynoldsntier range,practi-
call.yindependentlyofthebluntnesssize. Itwillalsobe notedinfig-
ure7(b)(andfig.7(a)forthesmallerbluntnesses) thata trsnsition
plateauexistsatabout~ = 16 inchesforthebluntedconeatunit
Reynoldsnumbers~vm between1.8X105 and 2.7XL05perinch.At
thispositionu adversepressuregradientcausedby thetunnelflowwas
observedinfigure6. Thisgradientwaspresentat&U_Reynoldsnumbers
andforallbluntnesses,includingthesh~ cone.App=entl.y,thetrsn-
sitionpositionismoresensitivetotheexistenceof smallpressure
gradientsaftertransitionhasbeendelayedby bluntingthanitison
theshszpcone.

An interestingphenomenonwasobservedwhena sharp3-inchneedle
wasextendedforwardfranthestagnationpointoftheO.530-inchround
bluntness(tipD, fig.2). Turbulentflowwasimmediatelyestablished
attheroundtipforallReynoldsnumbers.Schlierenphotographsin-
dicatedthatunsteady-flowsep=ationoccurredontheneedle,andre-
coveryfactorson theforwardpartofthem~el werelessthanthelsm-
insrvalue.

Conicalbluntness.- Theeffectof severalconicaltipgeometries
(configs.E, F, andG,fig.2) onthedistancetotransitionispresented
infigure7(c)andcomparedwiththeresultsforthesharptips.Allof
theconicaltipswerescmewhatinferiorto thesharponesexceptthe
0.250tipwiththe60°ticludedangle(tipE] intherangeof unitReyn-
oldsnumbersfromO.9X105to about2XL05perinch.Decreasingthe0.530-
inchconetip includedsnglefrcm60°to 30°(config.G)produceda
slightdownstreammovementoftrsmitioninthehighunitReynoldsnm-
berrsnge.
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Again,to determhewhetherroundingoftheshoulderimprovedthe
transitioncharacteristics,an ogivetip(config.H)havinga 60°in-
cludedtipsingleandthessmelengthas configurationE wastested.
Thistipshowedtransitioncharacteristicsalmostidenticaltothesharp
tip,againindicatingsomedestabilizingeffectduetothesharpcorner
turnfortheconicalbluntnesses.Recoveryfactorsinthelaminarregion
wereveryclosetothetruelaminsxvalue,indicatingan outer-edgeMach
nuniberfortheboundarylayerof 2.91to 2.94forthe60°tipangle,
whichistobe comparedwitha theoretical.valueofabout2.9computed
fromobliqueshocklossesfora 60°-included-angletiptithsubsequent
reexpansion.

Miscellaneousbluntnesses.- Inorderto extendthepresentinves-
tigatimsndpossiblyobtainadditionalinsightintothetransitionprob-
lem,severalotherelementaryshapeswerealsotested.Theseincluded
twosharptipshaving10°angles,onebeing0.13inchundersizeatthe
Junctureofthetipandtheconebodypropersndtheother0.13inch
oversize(configs.I sndJ,fig.2). Figure?(d)showsthattheper-
formanceoftheoversizedtipisconsiderablybetterthanthatofthe
undersized,thedistancetotransitionbeingmesmredfromtheforward I
extremityofthetip. Theundersizedtipexhibitedunsteady-separation
phenomenasimilartothosementionedforthehemisphericaltipwith
needle.

—
i

Twootherconfigurationsshowninfigure7(d)are0.530-inch-
dismeterstraightextensions(configs.K andL,fig.2)havingflatad
roundtips.Againtheroundtipgavesuperiorperformance,equalli.ng
thestandardsharptipatlowunitReynoldsm.mibers.Thesefindings
suggestthattheshapeofthebluntnessretainsitsrelativeimportance
onthree-dimensionalbodyshapesotherthancones.

Recovery-FactorandPressureDistributimsonCyltider

Theeffectofflatbluntnessontransitionfora hollowcylinderis
reportedinreference1. Afterthepresentcone-bluntnessstudywas
completed,itbecameevidentthattheoriginalcylinderstudyshouldbe

—

extendedto includelargerbluntnessesthanpreviouslytestedandalso
to studytheeffectof roundbluntness.Inrepeatingcertainofthe
earliercylinderworkitwasfoundthattrsmsitiwoccurredabout1/2
tichdownstreamofthepositionsgiveninreference1 forthe5°leading
edge,particmly h thehighunitReweldsn~er r-e ~d forS-
bluntnesses.Thisobservationtidicatedthatsomestructuralinstabil-
itymayhaveexistedinthe5°leadingedgeusedinreference1 compsred
withthepresent15°edge. Transitionlocationsforthepresentleading
edgecompareexactlywiththe30°leadingedgetestedinreference1.
It shouldthereforeexperiencenegligibledistortic?norvibration.. .
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Recovery-factor
cylinderinfigure8
inchandbluntnesses

distributionsq‘ againstx are
fora typicalunitReynoldsnmiber
rangingfran(?.0002to 0.250inch.

9

indicatedforthe
of 3.5X105per
E13csmsitionposi-

tionsas indicatedby teqerature-peaklocationsmovedownstreamsub-
stantialamountsasthebluntnessisincreased,exceptforthe0.096-ad
O.25&inchsharp-corneredflatbluntness,wherethetransitionmovement
isreversed.Thesetwolatterleadingedgesillustratea behaviorsim-
ihr tothatobservedwiththelargerflatbluntnessesonthecone.Also,
it isimportanttonotethattheaerature peaksforthe0.096-and
O.250-inchroundbluntnessat x = 14.8and13 ficheswerecausedby
theblunt-leading-edgeshockreflectionaswellasby tramition,and
thatthetransitiondelayduetobluntnesswasdefinitelyhsqeredby
theshockreflection.

A gradualincreaseinthelsminarrecoveryfactorfrom0.855to
0.880asthebluntnessis increasedfrom0.0002to 0.0114inchisap-
parent. Thesmallerincreasefrom0.880to 0.885asthebluntnessis
increasedfurtherto O.250-inchroundindicatesanasyarptoticincresse
to themaximumvaluepossibleintheshocklayer.Themaximumtheoret-
icalvaluefor q‘ isseentobe 0.877fromfigure5. Figure5 isbased
ona measuredlsminsrrecoveryfactorof0.845obtatiedonthesharpcone.
Ifthemeasuredrecoveryfactor(q= O.855)foundforthesharpleading
edgeinfigure8 isusedto evaluateequation(1),thena theoretical
msximumvaluefor q‘ of 0.888willbe found,*ich agreesverywell
withthemeasuredasymptoticvalue.

Alsoapparentinfigwce8 isan abruptincreaseintheturbulent
recoveryfactorfor x > 18 inchesfrom0.883forbluntnessesb <0.024
inchto a valueof 0.896for b = 0.051inch.The0.096-and0.250-tich
leadingedgesreachsnasymptoticvalueof about0.915.Themaximumval-
uepossibleconsideringtheWch ntier reductiontitheshocklayergives
V‘= o.911.5s valueisobtainedfromeqyation(1),butusinga tur-
bulentrecoveryfactor~ of0.883(takenfromfig.8,b = 0.0002in.).
Thiscloseagreem?ntbetweenexperimentandtheoryshowsthatthe integ-
rityoftheshocklayercanbe maintainedacrossthetransitionaland
turbulentregionsaswellasoverthelminarboundarylayer.Themuch
lsrgerbluntnessesrequiredto achievethemaximumtheoreticalvaluefor
~’ resultfromtheabruptincreaseinthiclmessofthetransitionalsud
turbulentboundarylayersas comparedwiththeprecedinglsmharlsyer.

Cylinderpressuredistributionscorrespondingto therecovei’y-factor
plotsareshowninfigure9 forthebluntedcyltiderat W/vm = 3.5X105
perinch.Thepressureingeneral.folLowsa risingtrendgoingdownstream
withsmallverticaloscillations.Exceptionstothisbehavioroccurwith
thebluntestleadingedges(b= 0.096and0.250in.),wherea favorable

. pressuregradientnearthenoseanda sharppressureriseabout14 inches
downstreamappear.Thispressureriseisduetothestrongreflected
leading-edgeshockandinterfereswiththedownstreammovementof

.
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transitionasnotedinfigure8 forthelargerroundblmtnesses.The .
favorablepressuregradientnearthenoseforthe0.096-and0.250-ti&h
bluntnessesistobe contrastedwiththeadversegradientsobservednear
thebluntedtipofthecone. Thesedifferencesinpressuregradient
mightaccountforthesmallerbenefitsrealizedfrombluntnessonthe
conecomparedwiththecylinder.h contrastwiththerecovery-factor g
plots,thereisverylittleeffectofbluntnessshapeonpressuredis-
tribution.Thepressuregradientsneartheleadingedgearemorefavor-
ableforthelsrgeflatbluntnessesthenfortheround,andalsothe
shockinteractiondue tothereflectionoftheleading-edgeshockis
moreseverefortheflatthanfortheroundbluutnesses.

EffectofUnitReynoldsNumber’andBluntnesson

TransitionLocationonCylinder

Figure10 showsthat,forbluntnessesfrom0.0002to about0.0079
inch,thedistancetotransitionona cylinderingeneralticreaseswith
increasingbluntness.Thesharpleadingedgeisrepresentedby the
0.$1002-inchbluntnessdata,whichfa~ alonga~roximatelya straight
linehavingtheequation

%= 36,330(u/v)-0”7 (3)

or

Ret= 36,330(u/v)0”3

h thebluntnessrsmgefrom0.0079to 0.024inch,thereisa negli-
giblemovementofthetransitionpoint.Withinthisregionthemaximum
ratioofthedistsmcetotransitionwithandwithoutbluntnessisabout
2.1,whichisclosetothevaluepredictedinreference3. Thispredic-
tionisbasedontheassumptionthatthetrsnsitimdelayresultsfrom
theunitReynoldsnumberreductionintheshocklayer,whichistheti-
verseratioof2.1. Inreference1 a simti behaviorwasobsemedfor
bhurtnessesrangingfrom0.008to 0.043inch,thelatterbeingthemsx-
hmm sizetested.

-—

Allthecylinderresultsinfigure10 describedsofarwereobtained
onlywithflatblitnesses,withtheexceptionofthe0.016and0.024
inch,whichwereobtainedwithroundaswellasflat.Theseroundand
flatbluntnessesgaveidentical.transitionpositions,anditmustbe
conjecturedthatthessmeresultwouldbe obtainedifroundbluntness
hadbeenusedforsizessmallerthan0.016tichalso.

Begirming@th a bluntnessof 0.051iqch,theeffectof shapeas
wellassizebecomesimportant.Increasingtheroundbluntness-to0.096

.

●
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. s.md0.250inchdisplacesthetramitionpointfsrtherdownstream,whereas
thecorrespondingsharp-corneredflatbluntnessesmoveitupstream.,par-
ticularlyinthehighunitReynoldsnumberrange.Themaximumdownstream
movementoftransitionusingthelargerroundbluntnessesislimitedby
thestrongleading-edgeshock,whichisreflectedbackonthemodelabout
14 inchesfromtheleadingedge.

DISCUSSI(X?

Theresultspresentedthusfarshowratherlargevariationsinthe
transitiondelayobtainedona bluntedconeandcylinder,makinga

S straightforwardoorrela.tionoftheresultsclifficul.t.Beforediscussing
: w wtic~ar correlationbetweentheconeandcylinderresults,certain
& pointsof similaritybetweenthetwoshouldbe recalled:(1)theuni-
y versallyfavorableeffectofroundbluntnessregardlessof size,(2)the
~ decreasedorunfavorableeffectof sharp-corneredflatbluntnessesabove

a certainsizeontransition,and(3)theexistenceoftheshocklayer
ontheconeandcylinderof sufficientthicknessinmanyinstancesto
completely-rse thelsminarboundarylsyerwithinthelowReynolds. numberpartoftheshocklsyer.Theprimaryquestionnowtobe resolved
iswhythetramitiondelaysobservedonthebluntedconearesomuch

o smallerthan thosefoundforthecyltider.

Parametersthatsummrizetheconeandcylinderresultsandpartially
correlatethemaregivenby theequation

()%,b _ ~ %b— = F(R~)
%,0 ‘CQ

(4)

whereq ,b/xt,o istheratioofthedis~ce to ~sitio~ bl~tedto
thatunblunted,and u#/vm isthebluntnessReynoldsnmiberbasedon
free-streamflowconditions.A stiilsrcorrelaticm,butwith ~,b/~,0
replacedby thetransitionRemoldsntier %% ,b/~coisusedfirefer-
ence5. Becauseofthestrongdependenceoftransitiononthestream
unitReynoldsnumber,thetramition-distanceratioisconsideredmore
desirable.

The coneresultsw tigtheparametersine uation{4)fortheflat
?androundbluntnessesareplottedinfigures~ a)and(b),respectively,

andthecorrespondingplotsforthecylinderareshowninfigure11(c).
JiIgeneral,thetransition-distanceratioforthecyhder increaseswith
increasingblumtnessReynoldsm.miberuntila valueof ~,b/~,0 of
nearly3 isreachedforthelargestroundbluntnesstested(fig.ll(c]).

. =ceptionsto thisgeneralbehaviorareapparent.Foronethg the
tramition-distanceratiodecreaseswithincreasingR% overa

.



considerableReynoldsnumbernangeforthe0.096-and0.250-inchflat
bluntnesses.Inthelattercasethetransition-distauceratiodropsto

.

0.65atthemaximumbluntnessReynoldsnumber.Thisreducedeffective-
nessofflatbluntnessbecomesapparentfirstat R% N 20,000onthe
cylfnder.

8
At highvaluesof R% a similartrendofdecreasingtransition- %

distanceratioforincreasingbluntnessReynoldsnuder isappm?entfor
cylinderbluntnessesbetween0.CD31snd0.051inch.ThiSdiminishing
effectivenessofbluntnesswhentransitionisneartheleadingedgemay
be causedby localstatic-pressurevariationsthatgivetransitiona
preferredpositiondistinctfromthatdictatedbyconditionswithtithe
shocklayer.Thiseffectoflocalpressm”evariationontransitionposi-
tionisdifficulttoprove,sincetransitionby itselfsomethnesproduces
itsownlocalpressurerise,whichisofaboutthessmemagnitudeasthe
localpressurevariationsduetothetunnelflow. Itisnotunreasonable
to expectthat,ifthemodelstatic-pressuredistributionduetothetun-
nelflowwereperfectlyuniform,thewigglesinmostofthecurvesshown
infigureU.(c)woulddisa~ear.

Thestatic-pressureriseproducedbythereflectedshockfromthe -.

largerroundbluntedleadingedgeswasseeninfigures8 to10toretard
orhaltthedownstreamprogressofthetransitionpoint.Thiseffectis
slsoappsmntinfigure11(c),wherethelevelofthebluntnessReynolds

d

nuder curves(inparticularthatportionofthecurveshavinga posi-
tiveslope)isseentoriseasthebluntnessisincreasedfrom0.051to
0.096smd.to0.250inch.Thevariationof ~,b/~ 0 fi.aUbutthe
highReynoldsnumberrsnge’forthesebluntnessesrehectschangesin
~,o ratherthan@ ~,b, whichwasfixedmoreorlessby thereflec-
tionofthestrongleading-edgeshock.

ThebluntnessReynoldsnumberrequiredfortheouteredgeofthe
lsminarboundarylayertobe insidethelow-velocitypsrtoftheshock
layer up tothetransitionpointcsnbeevaluatedforthecylinderby
useofequations(U_)and(12)ofreference3 andequaticm(3)ofthe
presentreport.ThiscalculationgivesbluntnessReymoldsnunibersfrom
1300 to 1700fortherangeofunitReynoldsrnmberstested.Theseval-
uesarecloseto theminimumexperimentalvaluesof R% (-2000,fig.
H(c)),whichgivetransitiondelaysnesrthetheoreticalvalueof 2.17
predictedinreference3.

Inconnectionwiththetheoreticaltransiticm-distanceratioof
2.17givenby reference3 forthepresentcyltidersmdconetestcondi-
tions,thefollowingremarksarepertinent.Thetransitiondelayspre-
dictedinreference3 werebasedontheassumptionthatthetransition
Reynoldsnumberisunaffectedlyblunting,whereasitisknownfromex-
perhentthatboththeMachandunitReynoldsnuiberscaninfluencethe .

.
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*

.

.

transitionReynoldsnumber.Emever,forthepresentteststheincrease
in Ret causedby thereductionh boundary-layerouter-edgeMachnum-
beriscancelledalmostexactlyby thedeeressein R% resultingfrom
thedecreasedouter-edgeunitReynoldsnumber.

Thiscance~ationofthetwoopposingeffectscenbe illustrated
with theaidof someflat-plateresultsofreference9,reproducedh
figure12. (TheseresultsaretheaveragetrsnsitionReynoldsnmibers
obtainedby varioustechniques.) Followingthearrowinfigure12 shows
that Ret increasesfrmn2.2X106to 3.0X106at a unitReynoldsntuiber
of4XL05perinchwhentheMachnumberisreducedfrom3.1to 2.3. But
halvingtheunitReynoldsntier at l& of2.3(aswouldoc$urinthe
shocklayer)from4X105to 2XL05perinchreducesRet almostto its
originalvalue. (Thessmecancellationwasobservedinunpublished
dataobtstiedon a Coneatthislaboratory.]Itthusappearsthatthe
transitiondelaysuggestedinreference3 agreeswelltiththedelay
obtainedby a considerationofboththeMachandunitReynoldsnunber
reductioninthepresentinstance.In general,thisagreementmaynot
be trueat otherMachnmibers,butasyetinsufficientdataareavaila-
ble tomakereliableestimatesofthema~itudesof theconibined
effects.

Theplotsof R% against~,~~, o fortheflatandround
bluntedcones(figs.U(a) sad(b)) showtransition-distanceratioscon-
siderablysmallerthsnobtainedonthecylinder.Themaximumratio
‘~,b/%,0 - 1.3 obtainedwiththebluntedconeistobe comparedwith
a ratioof 2 or 3 obtainedonthebluntedcylinder.Again,theblunt-
nessReynoldsntier requiredtiorderthatthelamtiarboundarylayer
be withtithelow-velocitypsrtoftheshocklayermaybe computedfrom
equations(11)and(13) ofreference3 andequation(2)ofthepresent
report.ForthetestReynoldsnumberrangeusedherein,thevalueof
R% requiredvariedfrom20,000to 33,000ontheflatbluntedcone.
Comparisonoftheseresultswiththeexperimentalvaluesof R% at
whichthemaximuntransitiondelayisffistobtainedinfigureI-l(a)
showsfairagreement.

Comparisonoffiguresll(a]snd(b]showsthattheresultsforthe
flatbluntedconefollowthessmetrmds astheroundwpto R% - 50,CX)0.
BeyondthisPOtitbluntnesshasan adverseeffecton transition,ud ra-
tiosaslowas 0.23arereachedatthehighestReynoldsnumbers.

FigureI.l(d)isa ccarpositeoffiguresLl(a)to (c)h whichthose
pointsforthecylinderwhichwereinfluencedby theleading-edgere-
flectedshockhavebeendeleted.Thewigglesinfiguresl.l(a)to (c),
whichwereconsideredtobe smalllocalpressure-gradienteffects,have
beenremovedby visua3Jypassinga meanlinethroughthevsriouspoints.

.



Thetheoreticalvaluefor ~,b/~,0 fromreference3,whichconsiders .
onlytheReynoldsnumberreduction-intheshocklayer,fallscloseto
thecylinderpointsh therage of R% from3(IOOto 20,000.~~si.
tiondelaysgreaterthanthetheoreticalvaluewereobtainedwith,the
0.096-andO.250-inchroundbluntnesses,sndmay~e attributedto the - -8
favorablepressuregradientsovertheforwardportionofthemodel(see !%
fig.9). Thesetwoleadingedgesalsogaveshocklayersthatwerepre-
servedintheturbulentregion,as indicatedby recoveryfactorsq’
closeto themaximumpossiblefora turbulentboundarylayerina shock
layer.It is interestingtonotethatthe0.096-and0.250-inchflat
bluntnesseswithsharpcomersalsohadfavorablepressuregradientsnear
theleadingedgesndshocklayersthatwerepreservedthroughthetwbu-
lentregion,butneverthelesshadadverseeffectsonthetransitiondelay. -

—

Thisbehaviorsuggestsagainthattheadverseeffectofsharp-cornered
flatbluntnessisa phenomenonumrelatedtothepressuregradientandthe
formationof a shocklqyer.Thecloseproximityoftheflat-bluntness

,-

portionofthecurvesfortheconeandthecylindertowardtheupper —

leftoffiguren(d) indicatesa veryclosecorrelationoftheadverse
flat-bluntnesseffectsona coneandcylinderwhenthe.bluntnessReyn-
oldsnuniberR% isusedas a correlatingparameter.Thefactthata *
nmihlargervalueof R% isrequiredto obtainanytransitiondelay
ontheconethsnonthecylinder(6000fortheconeccmparedwith60for
thecylinder)istobe expected,sincetheshocklsyerontheconeis ,
producedneara petitsource,whereasthat.forthecylinderisproduced
by an snnularbluntness.

Althoughfigurel.l(d)seemsto correlatetheadverseeffectofflat
bluntnessontheconeandcylinder(whichisduetothesharpcorneron
thebluntness),itdoesnotcorrelatethebeneficialeffectofblunt~g
ontransitionobtainedwiththeroumdedbluntnesses.Thisha~ensbe-
causetheparameterR% doesnottakeintoaccountthethinningofthe
shockl~er onthecme. Ifthisthinningisaccountedfor,a newparam-
etercalledthead~ustedbluntnessReynoldsnuriberR~,a, derivedin
appendixB, isdefinedwhichtakestheplaceof R%. Inthisdevelop-
ment,theshock-layerheightatthetransitionpointisconsideredof
particularsignificance.Alsotakenintoaccountarebluntnessdiffer-
encescausedby bluntnessshape(roumdsudflat)anddifferencesin
shock-layerareabetweena coneenda cyltideras giveninreference3.
Figures13(a}and(b)presenttheresultsfortheflatandroundblunted
conesintermsofthepmm.eters‘%,a against‘t,b/%,0”~ese fig-
uresshowthesametrendsas figuresn(a) and(b)butwithdifferent
valuesintheordinate.

Theresultsoffi@res13(a)and(b)arecomparedwiththeblunt-
cylinderresiil.tsinfigure13(c).Thevariousdatapointsue represented
by curvesWat neglecttheirregularitiescausedby tunnelpressuregra-
dientsandthepotitsinfluencedby thestrongleading-edgeshock

.

.
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reflections.Theconesadcylinderresultsarenowseento agreefor
Reynoldsnmbers up to R%,~ - 300,hdicatingthat3J.Ithisrangethe
shock-layerheightatthetransitionpointseemsto correla.te thefavor-
ableeffectofbluntingonboththeconeandthecylinder.For
R~,a >300, thereislittlechangeinthetransition-distanceratio
fora roundbluntedcone;andat R%,a > 1O(M,flatbluntnessbegins
tohaveanadverseeffectontmnsition.

A questionraisedby figure13(c)is,Whydoesconebluntnesshave
thesaneeffectas cylinderbluntnessmly upto thepoint R~,a = 300?
Theanswerto thismaybe thatfor R%,a < ~ theadversepressuregra-
dientassociatedwiththebluntedcone(figs.6(a)and(b))occurssuffi-
cientlyfarforwsrdtobe inthestablepartof thelaminarboundarylayer,
perhapsbelowthetiimm critfcalReynoldsnumber.(TheReynoldsnmnber
U#/Ym atthebluntnessshouldercorrespondingto R%,a . 300isabout
30,~0.] Cmversely,when R%,a > m, theadversepressuregradient
occursfart- downstream,possiblyintheunstablepartofthelaminar
bounda~layer,thuspromotingearliertransition.

To Sumnarizefiguresld(d)and13(c),theeffectofbluntingon a
cyltider(orflatplate)isto delqytransitionforeitherroundor flat
bluntnessaslongas R~,a or R% islessthanabout20,000.Above
20,CXKl,roundbluntnessesgivefurtherbeneficialeffectsandsharp-
corneredflatbhzntnessesgiveadverseeffe&s. Theeffectofbluntness
on a coneconsistsofa favorableinflu~cedueto theshocklayerand
anadverseinfluenceprobtilybroughtaboutby thelocationof adverse
pressuregradientsnearthenose. Above R%,a - 500or R% - 50,000,
thetransitionpointfortheroundbluntedco~eat a givenv&e of
~v. becomesvirtuallyfixed,indicatingsomesortofbalancebetween
thetwoopposingeffects.

colaxJmNGREMARKS

Transitiondelaysobtainedwithbluntnesson a cylinder(orflat
plate) aremuchlargerthanthosefoundon a cone. ~sit iondelays
ashighas a factorof 3 wereobtainedon a cylindercomparedwitha
maximumof1.3forthecone.Bothofthesevaluesaretobe ccmrpared
withthetheoreticalvalueof 2.17ofreference3,whichisbasedcm
theReynoldsnmiberreductionintheshodclayer.

TheeffectofbluntnessonthepressureWtributim wasto produce
a favorablepressuregradientovertheforwardpartofthecylinderand
anadversegradientoverthecorrespondingpartofthecone. Theadverse
gradientfortheconehasbeeninterpretedas a destabilizingfactorthat
doesnotpermitthefull.benefitoftheshocklayertobe realized.It
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hasbeensuggestedthatthetrsasitiondelaysinexcessof thevaluepre-
dictedinreference3 msybe causedby thefavorablepressuredistribu-
tionobservedwiththelargestbluntness.esovertheforwmdpartofthe
cylinder. -

Theeffectofbluntnessshape- thatis,flatorrounded- on tran-
sitiondelaywasinsignificantbelowa bluntnessReynoldsnumberof20,0Wl
forthecylindersnd50,000forthecone.‘Abcive”these”Reynoldsnunibers
theflatbluntnesshada strongdetr~ntaleffectontransition.This
effectisbelievedtobe dueto a vortexsheddtigoffthesharp~orners,
whichinturnintroducesdisturbancesinto.thelsminarboundaryl~er.
Veryslightroundingofthesharpcornersincreasedthedistanceto
transitimgreatly.A similarphenomenonwasalsoobservedwhenthe
bluntnesswasconicalinformratherthanflat.

Theshocklsyerwaspresentoverboththebluntedconeandcylinder.
Wnenthebluntnesswassufficientlylarge,“surfacerecoverytemperatures
correspondingtothem.ximumMachnurtiberreductionh theshockl~er
predictedinreference3 wereobtainedinthelsminarandturbulentre-
gions.Theserecove~factorswereobtainedwithbothflatandround
bluntnesses.

Thedestabflizingeffectof sharp-cotieredflatbluntnessonthe
coneandcylindercambe correlatedusingthebluntnessReynoldsnumiber
as a parameter.Thefavorableeffeetoftheshocklayerindelsying
transitionontheconeandcylindercsmbepartlycorrelatedby using
an adjustedbluntnessReynoldsnuriberthatisproportimaltotheReyn-
oldsnumberbasedon shock-lqyerheight“at_thetrsmsitionpoint. This
lattercorrelationisvalidup to anadjustedReynoldsnumberof 300.

.
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APl?ENDnA

s2iMBos

shock-layerheightasdeftiedInref.3

bluntnessareaasdefinedinref.3

bluntness(figs.2 and3)

pressurecoefficient(p- Pm)/%

arbitrayfunction

Machnmiber

staticpressure

dyasmicpressure

Reynoldsnuuber

bll.mtnessReynolds

adjustedbluntness
(B7)

bodyradius

ntier deftiedby eq.(4)

Reynoldsnuder definedby eqs.(I36) and

absolutetemperature

velocity

unitReynoldsnumber

distancealongmodel
ofmodel

bluntnessdiameterat

shock-layerheightas

recovemfactorbased

parallelto centerlinefromphysicaltip

sonicpoint

definedinappendtiB

on conditionsatedgeofboundarylayer,

.

.
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~’ recoveryfactor

NACATN

basedonconditionsoutsideshocklayer;

v kinematicviscosity

Subscripts:

b conditionsforbluntedmodel -

s inviscidsharp-conesurfaceconditions

3979

t conditionsattransitionpoint

w wallvalues

6 conditionsat edgeofboundv layer

o stagnationconditionsor zerobluntness

1,2,3,4 subscriptsdenotingdifferentfunctions

w free-streamvalues

.

●
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APPENDIXB

DERIVATIONOFADJUSTEDCONEBLUNIWSSREYNo,msNuM13ER

It isdestiedto cmputetheconebluntnessReynoldsmmiberinorder
to accountforthethinningoftheshocklayer.To do so,itwillbe
assumedthatthefundamentalparsmeterwhichexpressesthestabilizing
effectofbluntnessona coneorcylinderis

()%,b = ~ %%,t

%,0 Vm
A

3 where Yn,t istheheightoftheshock-produced
y
N

point.
u

Fora cylinder,accordingtoreference3,

.
wherethearearatio~/&B isgiveninfigure
2.95fora flatplate(orcylinder)and2.45for

(Bl)

layeratthetransition

(B2)

3 ofreference3 as
a 10°-ticluded-angle

cone atMach3.1. The ‘qusntitY Yh isthebluntnessdiameteratthe
sonicpointonthebluntness(ref.3). Whenthebluntnessisflat,
yb= b; whenit isround,yb is0.822b forthecylinderand0.647b
forthecone(for ~ = 3.1).Theheightoftheshocklayer yn,t is
defined,as inreference3,tobe thedistaceabovethesurfaceofthat
stresnlineti,ichpassesthroughthesonicpointof thedetachedshock.
Forthecylinder,equation(Bl)becomes

% ,b

()

1.475~b
—=F1
%,0 vw

(B3)

Theshock-lsyerheightattransitionfor

& dyb/2)2
yn,t= ~ 2mt

the coneisgivenby

(B4)

where rt istheconeradiusatthetransitionpetitandisgivenby

.
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where ~,b is the distance to trszwition. Eqwtion[Bl)forthecone
becomes

%,b

( )

1.225Yb ~b
= ‘2 ~ + 0.349~,b~

%,0
(B5)

Dividingthetermstitheparenthesesof equations(B3)and(B5)by
1.475givesforthecyltider

andforthecone

+ ( 0.83yb
d ‘F4 2b+ 0.34~,b ‘.%,0 ‘)

= F4(R~,a) (B7)

Equations(B6)smd(B7)deftietheparametersplottedinfigure13.
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(b)Semicircularbluntness;wA- = 3.5x105perfich.

Figure9.- Concluded.Effectofcylinderleading-edgebluntnesson pressure distribution.
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